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graphic	 complexity,	 rather	 than	 geographical	 distance	 or	 barriers.	 Gene	 flow	was	
inferred	 to	be	 facilitated	by	easterly	 slope	aspect	 and	 to	be	 constrained	by	 topo-





of	giant	panda	habitats	and	offer	 important	 reference	 for	 the	conservation	of	 the	
giant	panda	and	its	habitat.
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1  | INTRODUC TION
As	 key	population	parameters,	 individual	 dispersal,	 gene	 flow	 and	
their	demographic	consequences	can	profoundly	affect	population	
dynamics	 and	 have	 important	 ecological	 and	 evolutionary	 conse-
quences.	Gene	flow	is	one	mechanism	that	can	maintain	population	
genetic	diversity	and	 increase	the	 likelihood	of	evolutionary	adap-
tation,	while	 demographic	 isolation	will	 induce	 population	 genetic	
structuring	and	even	 lead	to	 reproductive	 isolation	and	eventually	
speciation	 (Slatkin,	1987).	Several	 factors	can	motive	the	dispersal	
of	 individuals,	 including	 avoidance	 of	 inbreeding	 (Waser,	 Austad,	
&	Keane,	1986)	and	competition	 (including	among	kin,	Hamilton	&	
May,	1977),	and	spatial	heterogeneity	within	habitats	can	act	syn-






ical	 distance,	 as	 the	 homogenizing	 effects	 of	 gene	 flow	 dimin-
ish	 across	 space	 (Hutchison	 &	 Templeton,	 1999;	Wright,	 1943).	
However,	 the	 shape	 of	 this	 relationship	may	 be	 complex.	Many	
empirical	 studies	 have	 demonstrated	 that	 dispersal	 can	 be	 im-
peded	by	significant	biotic	(e.g.,	behavioural)	and/or	abiotic	(e.g.,	
physical)	 barriers	 (Hollatz	 et	al.,	 2011;	 Vallinoto	 et	al.,	 2006).	
These	 boundaries	 may	 result	 in	 fine-	scale	 genetic	 structure	
within	populations	and	which	is	consistent	with	the	hypothesis	of	
isolation-	by-	barriers	 (IBB).	 Habitat	 heterogeneity,	 via	 landscape	
configuration	and	other	environmental	effects,	can	also	strongly	







In	 natural	 populations,	 the	 factors	 described	 above	may	 not	
work	alone	 in	shaping	patterns	of	genetic	variation.	Thus,	a	sim-
ple	 null-	hypothesis	 test	may	 elicit	 undetected	 or	misinterpreted	
	correlated	 signals,	 which	 would	 result	 in	 spurious	 inference	 on	
the	 role	 of	 particular	 factors	 in	 genetic	 differentiation	 or	 result	
in	 omission	 of	 authentic	 signals.	 Such	 misinterpretation	 could	
compromise	 future	 management	 and	 conservation	 of	 popula-
tions	 involving,	 for	 example,	 in	 situ	 habitat	 restoration	 and	 the	
configuration	 of	 dispersal	 corridors.	 Against	 this	 background,	 a	





which	 face	 complex	 spatial	 effects	 because	 of	 small	 population	
size	 (e.g.,	 Allee	 effects),	 fragmented	 habitat	 and	 human-	induced	
disturbance.	By	 jointly	 considering	alternative	hypotheses,	more	
reliable	 conclusions	 on	 the	 key	 determinants	 of	 spatial	 genetic	









however,	 the	 sparse	 sampling	 that	 has	 been	 possible	 within	 and	
among	 the	 isolated	 regional	 populations	 of	 this	 species	 have	 re-
sulted	in	only	a	few	landscape	genetic	studies,	including	Zhan	et	al.	




on	Giant	Pandas	 (State	Forestry	Administration	2015)	 involved	 in-
tensive	 sampling	 efforts	 and	 habitat	 surveys	 and	 has	 provided	 an	
unusual	opportunity	to	investigate	genetic	structure	and	its	causal	
factors	in	giant	panda	populations.
Here,	 we	 focus	 on	 the	 genetically	 distinct	 giant	 panda	 pop-
ulation	 located	 in	 the	 southern	 slopes	 of	 the	Qinling	Mountains	
in	 central	 China.	 The	Qinling	 population	 is	 distinguished	 geneti-
cally	from	other	Sichuan	populations	(Lu	et	al.,	2001;	Zhang	et	al.,	
2007;	Zhao	et	al.,	2013).	A	 recent	population	genomics	study	 in-
ferred	 that	 the	 Qinling	 and	 Sichuan	 populations	 diverged	 about	
300,000	years	 ago	 (Zhao	 et	al.,	 2013).	 Zhang	 et	al.	 (2007)	 sug-
gested	that	the	Qinling	population	should	be	regarded	as	an	inde-
pendent	management	unit	 in	conservation	to	conserve	 its	 locally	
adapted	attributes	and	genetic	integrity.	However,	information	on	








ration,	 could	 influence	 the	 dispersal	 of	 giant	 pandas	 at	 different	
scales	 (Qi,	Hu,	Gu,	 Li,	&	Wei,	 2009;	Qi	 et	al.,	 2012;	Zhang	et	al.,	
2011),	but	these	observations	lack	a	fine-	scale	geospatial	analysis	
that	can	be	provided	using	landscape	genetics.	Furthermore,	given	








fragmentation,	 does	 the	 Qinling	 population	 feature	 low	 genetic	
diversity	 compared	 to	 other	 giant	 panda	 populations;	 (b)	 as	 the	
     |  3MA et Al.
Qinling	 population	 is	 subjected	 to	 considerable	 human	 activity,	
IBB,	IBD,	IBR	or	a	combination	of	these	models	which	play	the	main	
force	 in	 shaping	 the	 genetic	 differentiation	 pattern	 of	 this	 giant	




2.1 | Study area and sampling scheme
The	Qinling	Mountains,	which	are	 located	 in	 the	south	of	Shaanxi	
province	in	central	China,	have	been	recognized	as	a	natural	bound-
ary	 between	 north	 and	 south	 China,	 and	 it	 is	 also	 currently	 the	




significantly	 differs	 from	other	 giant	 panda	 populations,	 based	 on	
both	morphological	and	genetic	evidences	(Chen	et	al.,	2010;	Wan,	
Fang,	Wu,	&	Fujihara,	 2003;	Wan,	Wu,	&	Fang,	 2005;	Zhao	 et	al.,	
2013).	 However,	 in	 the	Qinling	Mountains,	 as	 elsewhere,	 suitable	
habitat	for	the	giant	panda	has	been	declining	since	the	beginning	of	
recorded	history	in	the	region.	By	2015,	only	151,466	hectares	(ha)	
of	 suitable	habitat	 remained	based	on	 the	Fourth	National	Survey	
of	Giant	Panda	(State	Forestry	Administration	2015),	mainly	caused	

















“U”	 shape	 or	 a	 circle	movement	 path	was	 adopted	when	 crossing	
different	grids.
2.2 | Molecular analysis
We	 extracted	 total	 DNA	 from	 faecal	 samples	 using	 the	 Qiagen	
DNeasy	Stool	kit	(QIAGEN®	Hilden,	Germany)	following	the	manu-









in	 a	Thermo	MBS	Thermal	Cycler,	 starting	with	94°C	 for	15	min,	
followed	 by	 a	 touchdown	 	approach	 (a	 total	 of	 35–39	 cycles	 of	
94°C/15	s,	Ta/30	s,	72°C/45	s)	and	a	final	step	of	60°C	for	30	min.	
Ta	was	decreased	by	2°C	every	second	cycle	from	60°C	to	a	touch-
down	 temperature	 (48–50°C),	 which	 was	 used	 for	 an	 additional	
25	cycles	 (Zhan	et	al.,	2006).	PCR	products	were	separated	using	


















A	 Bayesian	 clustering	 approach,	 implemented	 with	 STRUCTURE	
v2.3.4	 (Pritchard,	 Stephens,	 &	 Donnelly,	 2000),	 was	 used	 to	 de-
tect	 genetic	 structure	 within	 the	 Qinling	 giant	 panda	 population.	
Clustering	 solutions	 of	 K = 1–10	 were	 tested	 using	 an	 admixture	
model	with	 correlated	 allele	 frequencies.	 For	 each	 simulation,	106 
Markov	 Chain	 Monte	 Carlo	 (MCMC)	 iterations	 were	 used	 after	
105	 burn-	in	 simulations.	 Each	 value	 of	 K	 was	 repeated	 using	 20	





tion	with	genetic	 structure	at	 a	 fine	 spatial	 scale,	 and	Mantel	 test	
was	also	performed	 to	 identify	 the	 IDB	pattern	 in	 the	population.	
Both	analyses	were	implemented	in	GenAlEx	6.5	(Peakall	&	Smouse,	
2012),	with	genetic	distance	between	each	pair	of	 individuals	was	








2.6 | Isolation- by- resistance (IBR)
In	 order	 to	 decipher	 the	 role	 of	 each	 landscape	 factor	 in	 shaping	
population	genetic	structure	in	giant	pandas,	we	analysed	the	rela-
tionship	between	eight	landscape	variables—elevation,	slope	aspect,	
slope,	 topographic	 complexity	 (TC),	 rivers,	 vegetation,	 roads	 and	
human	disturbances,	with	genetic	differentiation	patterns	based	on	
an	IBR	model	(McRae,	2006).
First,	 a	 simple	 resistance	 surface	 representing	 the	 distance	
	effect	 alone	 (referred	 to	 as	 the	 model	 IBD	 in	 the	 following	 text)	
was	constructed	by	setting	a	value	of	“1”	to	all	the	raster	cells	using	
CIRCUITSCAPE	 V3.5	 (McRae,	 Shah,	 &	Mohapatra,	 2013),	 and	 the	
partial	Mantel	 tests	were	evaluated	by	partialling	out	 this	 resulting	
resistance	matrix.	Genetic	distance	was	measured	as	the	proportion	
of	 shared	alleles	calculated	 in	MSA	V4.05	 (Dieringer	&	Schlotterer,	
2003).	A	Euclidian	distance	matrix	was	estimated	 in	GenAlEx	V6.5	
(Peakall	&	Smouse,	2012).	 In	addition,	 resistance	 surfaces	 for	each	
landscape	 factor	 were	 obtained	 depending	 on	 specific	 ecological	
hypotheses,	under	 the	pairwise	mode	connecting	eight	neighbours	






refinements,	 including	 causal	 modelling,	 have	 been	 developed	 to	
reduce	this	problem.	The	approach	involving	direct	competition	of	
































comparisons	 and	 has	 to	 pass	 the	 causal	modelling	 criteria	 against	
the	model	IBD.
Considering	the	complex	 landscape	giant	pandas	 live	 in,	a	mul-




which	 had	 the	 highest	 partial	Mantel	 r	 value	when	 partialling	 out	
the	 effect	 of	 the	model	 IBD.	We	 kept	 the	 parameter	 for	 the	 first	























To	 correct	 for	 the	 dependency	 among	 data	 points,	 a	maximum-	
likelihood	population-	effect	(MLPE)	method	was	followed	(Clarke,	
Rothery,	 &	 Raybould,	 2002;	 Van	 Strien,	 Keller,	 &	 Holderegger,	
2012).	 In	 these	 models,	 differences	 between	 sampling	 units	
were	 introduced	 as	 random-	effect	 terms,	while	 the	 explanatory	
     |  5MA et Al.




were	 the	 same	 as	 estimates	 obtained	 from	 simple	 linear	 regres-


















2.8 | Current density map and potential corridors
We	also	 formulated	a	current	density	map	using	CIRCUITSCAPE	







current	 density.	Overlapping	with	 low	 resistance	 area,	 corridors	
could	 provide	 giant	 pandas	with	 even	 and	 continuous	 pathways	
facilitating	 their	dispersal	 and	movement.	 (b)	Reconnecting	pop-
ulations	 divided	 by	 major	 roads.	 There	 are	 several	 major	 roads	
running	 through	 the	 Qinling	 Mountains,	 which	 markedly	 divide	
and	isolate	habitat	patches	and	local	populations.	To	counter	this	
barrier	effect	and	promote	gene	flow,	corridors	should	cross	the	
major	 roads	 to	 connect	 neighbouring	 habitat	 patches.	 (c)	 Avoid	
farmlands	by	more	than	1	km	and	residences	by	2	km.	Human	ac-
tivities	impede	utilization	of	corridors.	According	to	a	GIS	study	on	
giant	 pandas	 at	 different	 spatial	 scales,	 anthropogenic	 activities	






















STRUCTURE	 analysis	 showed	 that	 the	 most	 likely	 number	 of	
cluster	based	on	LnPr(X/K)	was	K = 1.	When	K > 1,	 the	proportion	
of	the	individual	assigned	to	each	cluster	was	approximately	equal,	





The	 spatial	 autocorrelation	 analysis	 including	 all	 individuals	




This	 correlation	 was	 not	 significant	 in	 all	 other	 distance	 classes,	
with	one	distance	class	showing	a	negative	correlation	 (Figure	2a).	
However,	a	simple	Mantel	test	of	IBD	implemented	in	GenAlEx	6.5	
found	 no	 significant	 correlation	 (p = 0.444)	 between	 pairwise	 ge-
netic	distance	and	Euclidean	distance	 in	our	sample	set,	 indicating	










A	 total	 of	 534	 models	 for	 eight	 landscape	 variables	 with	 differ-




ferent	models,	 slope	 aspect	was	 found	 to	 be	most	 correlated	 to	
genetic	distance	after	partialling	out	 the	effect	of	 the	model	 IBD	
(Table	1).	 Topographic	 complexity	 had	 the	 second	 highest	 partial	




and	 only	 aspect	 and	 TC	met	 the	 casual	modelling	 criteria,	which	
would	be	finally	included	into	the	multivariate	model	construction	
(Table	2).
By	 changing	 the	 parameter	 values	 of	 either	 factor	 and	 keep-
ing	that	of	the	other	one	constant,	we	finally	found	that	the	best-	





best	 univariate	model	 of	 aspect	 and	TC,	 respectively)	 to	 this	 best	
multivariate	model,	 and	 both	 reduced	models	 passed	 the	 criteria.	
When	comparing	the	partial	Mantel	correlations	of	reduced	models	
with	the	best	multivariate	model,	we	found	the	reduced	models	were	
both	 improved	by	 including	the	other	factor	 (the	r	value	 	increased	
from	0.082	to	0.163	after	including	aspect,	and	from	0.098	to	0.163	
after	 including	TC);	namely,	more	variance	 in	pairwise	genetic	dis-










tance	 is	 not	 the	main	 force	 driving	 gene	 flow	 in	 the	Qinling	 giant	
panda	 population.	 Two	 variables,	 the	 model	 IBD	 and	 slope,	 were	
excluded	 from	 the	 full	 model	 due	 to	 collinearity.	 The	 best	model	
included	 two	 variables,	 aspect	 and	 topographic	 complexity	 (TC;	












plained	 the	highest	proportion	of	 the	variance	 in	genetic	distance	
(Table	4).	These	results	suggested	that	the	topographic	factors,	such	
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3.5 | Current density map and potential corridors







could	 evaluate	 habitat	 connectivity	 and	 assess	 potential	 areas	 for	






genetic	structure	and	the	bootstrapped	95%	confidence	error	bars	around	r.	a)	All	giant	panda	individuals	(n = 179);	b)	females	only	(n = 102);	
c)	males	only	(n = 59)
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named	 Taibaihe	 (TBH),	 Niuweihe	 (NWH),	 Xinglongling–Taibaishan	
(XT),	 Tianhuashan–Jinjiliang	 (TJ)	 and	 Pingheliang	 (PHL)	 from	 west	
to	 east.	 These	 habitat	 components	 are	 separated	 by	 major	 roads	
and	human	activities.	Solely	based	on	the	current	density	map,	we	
could	 identify	 multiple	 narrow	 high	 current	 density	 pathways	 as	
candidates	 for	potential	 corridors	 to	connect	habitat	components.	
However,	frequent	anthropogenic	disturbance	could	hamper	corri-






4.1 | Lowest genetic diversity recorded of all giant 
panda populations to date
Here,	we	report	the	first	comprehensive	study	to	explore	the	popu-
lation	and	landscape	genetic	structure	of	the	Qinling	giant	pandas,	
with	 a	 large	 noninvasive	 genetic	 sample	 set.	 We	 found	 the	 low-
est	 genetic	 diversity	 in	 the	 Qinling	 population	 among	 all	 panda	
populations,	 consistent	 with	 our	 hypotheses	 and	 the	 conclusions	
drawn	by	previous	studies	using	similar	molecular	marker	(Lu	et	al.,	
2001;	Zhang	et	al.,	2007).
The	 relatively	 low	 genetic	 diversity	 of	 the	 Qinling	 population	
may	be	associated	with	 its	demographic	history.	The	Qinling	giant	




Intense	anthropogenic	habitat	 alteration	 in	 the	Holocene	has	 trig-





4.2 | Spatial genetic pattern of Qinling giant pandas: 
IBB, IBD or IBR?
Previous	ecological	 studies	have	suggested	that	 the	Qinling	popu-
lation	was	a	metapopulation	composed	by	 four	 to	 five	subpopula-
tions	isolated	by	farmlands,	deforested	areas,	plantation	forests	and	
national	 roads	 (Loucks	 et	al.,	 2003;	 State	 Forestry	 Administration	
2006).	However,	we	did	not	find	evidence	for	significant	IBB	effect	
in	this	population	based	on	a	Bayesian		genetic	clustering	approach.	
Commercial	 logging	used	 to	be	common	 in	 the	Qinling	Mountains	









dence	 for	genetic	 structure	within	 the	 	region	could	be	due	 to	 the	
relatively	short	timescale	involved	in	habitat	patch	separation,	with	
giant	pandas	 still	 being	able	 to	use	 some	of	 the	 less	disturbed	 re-
gions	as	corridors	to	move	between	patches.	It	is	worth	noting	that	
TABLE  2 Models	are	ranked	with	the	best-	supported	model	at	the	top
Landscape variable Parameter values RSIBD (A)r (A)p (B)r (B)p Supported
Aspect 90°;	x = 10; Rmax = 100 0.12793 0.09897 0.026 −0.02896 0.739 YES
TC x = 4; Rmax = 100 0.11661 0.0911 0.0358 −0.02551 0.6962 YES
DEM 2800 m; Rmax = 1000; 
SD=200
0.10764 0.05781 0.1133 −0.04983 0.8769 NO
Vegetation Assigned	based	on	a	
permutation
0.09329 0.05622 0.1324 −0.03707 0.7949 NO
Notes.	Optimized	parameter	values,	RS	(relative	support)	value	as	compared	to	IBD,	partial	Mantel	r	and	significance	of	support	are	shown.	Optimized	







Landscape variable Parameter values
Partial 
Mantel r p- value
Aspect 90°; x = 10; 
Rmax = 500
0.103 0.0229
TC x = 10; Rmax = 500 0.09204 0.0374






Notes.	 Models	 are	 ranked	 with	 the	 partial	 Mantel	 r-	value.	 Optimized	
	parameter	values,	partial	Mantel	 r	 and	significance	of	 support	are	dis-
played.	Supported	models	are	indicated	in	bold.	DEM:	digital	elevation	
model;	TC:	topographical	complexity.
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the	limited	sampling	of	the	two	easternmost	hypothetical	subpopu-
lations	affects	these	results,	although	the	178	individuals	 included	




viduals	 in	 close	 distance	 classes,	 indicating	 that	 IBD	 does	 not	 ex-
plain	spatial	genetic	structure	of	giant	pandas	in	Qinling	Mountain,	








Wild	giant	panda	habitat	 includes	 complex	environment	 compo-
nents.	Landscape	factors	including	extreme	topographic	and	vegeta-
tion	transitions	are	considered	to	affect	giant	panda	movements	and	







Model Parameter values RSIBD (A)r (A)p (B)r (B)p (C)r (C)p (D)r (D)p
A+TC A:	90°;	x = 10; 
Rmax = 500
0.16288 0.1324 0.0045 - 0.03048 0.7482 A:0.09791 0.0286 A:0.03225 0.2599









Model Type of model Variables VIF R2
β
AICc ∆AICc Weight (wi)
A Reduced Aspect 1.02 0.008 −23446.40 0.00 0.73
TC 1.03
B Reduced Aspect 1.02 0.008 −23443.30 3.04 0.16
TC 1.03
Road 2.39
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Daxiangling	 and	 Xiaoxiangling	 Mountains	 (Zhu,	 Zhang,	 Gu,	 &	 Wei,	
2011;	Zhu	et	al.,	2010).	In	the	study,	a	large	river	and	a	road	were	found	
to	be	barrier	 impeding	gene	 flow	of	giant	pandas	 in	 the	 region.	The	
authors	 also	 suggested	 that	 some	 landscape	 features	partially	 influ-
enced	gene	flow	based	on	least-	cost	path	analysis.	However,	conclu-
sions	on	how	specific	 landscape	variables	 impacted	gene	 flow	were	
not	possible.
We	investigated	eight	key	landscape	features	using	a	relatively	
large	 genetic	 data	 set,	 and	 ultimately,	 slope	 aspect	 proved	 to	 be	
strongly	associated	with	genetic	variation	in	the	Qinling	population,	






2016).	 Relatively	 flat	 (topologically	 simple)	 ground	 seems	 ideal	












The	 continuous	 ridge	 of	 the	 Qinling	 Mountains	 obstructs	 cold	





for	 the	 development	 of	 bamboo.	 Previous	 field	 surveys	 have	 also	
shown	that	bamboo	forest	on	east/south-	facing	slopes	grow	faster	
and	accumulate	biomass	more	quickly	(Pan	et	al.,	2001).
Topographic	 complexity	 is	 related	 to	 a	 series	 of	 habitat	 con-
ditions	 with	 variable	 solar	 radiation	 and	 soil	 moisture,	 possibly	
	influencing	plant	growth	and	hindering	animal	movements,	but	has	
seldom	 been	 considered	 in	 previous	 ecological	 research	 on	 giant	
pandas.	 Here,	 we	 could	 infer	 that	 giant	 pandas	 use	 less	 complex	
land	surfaces,	different	from	conclusions	for	some	other	bear	spe-
cies	which	have	been	 suggested	 to	 prefer	 areas	with	 complex	 to-
pographies	 (Apps,	McLellan,	Woods,	&	Proctor,	 2004;	Ziółkowska	
et	al.,	 2016).	 Complex	 terrain	 is	 commonly	 associated	with	 better	






plex	 shading	effects,	while	 less	 complex	 surfaces	 are	 expected	 to	





strategy,	while	 their	nutritional	 requirements	 are	met	 at	 the	 same	
time.	The	habitat	and	movement	preference	of	Qinling	giant	pandas	
corresponds	to	the	species’	biological	and	ecological	requirements.	














conservation	 of	 endangered	 animal	 populations,	 considering	 that	
strategies	 based	on	 incorrect	 inferences	 could	 result	 in	 the	waste	
of	 limited	conservation	resources	and,	most	 importantly,	may	miss	
the	 opportunity	 to	 retrieve	 critically	 endangered	 populations.	 In	











already	 has	 relatively	 low	 genetic	 diversity	 due	 to	 its	 past	 demo-
graphic	history.	However,	 roads	 and	 logging	 continue	 to	 fragment	
the	Qinling	Mountains,	and	are	ultimately	 likely	to	 impact	on	gene	
flow	 to	 some	extent.	 If	 no	 action	 is	 taken,	 the	 legacy	 of	 previous	
actions	 and	 future	 infrastructure	 development	 could	 result	 in	 the	
demographic	isolation	among	local	patches,	and	impact	on	the	long-	
term	survival	of	this	unique	giant	panda	population.









that	 are	 topographically	 less	 complex,	 as	 candidates	 for	 corridors.	
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Forestry	Administration	2015).	 Its	 isolated	nature	 and	 intense	 an-
thropogenic	influence	put	the	PHL	population	at	high	risk	of	extinc-
tion.	 Increasing	 its	 connectivity	with	other	populations	 is	 vital	 for	
its	long-	term	survival.	However,	while	a	nature	reserve	has	already	
been	established	between	PHL	and	the	adjoining	habitat	patches,	it	
currently	does	not	 include	the	zones	with	 the	highest	potential	 to	
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